A study was made to obtain an explanation for the differential effect in Mucorales of the ornithine decarboxylase (ODC) inhibitors 1,4-diamin0-2-butanone (DAB) and a-difluoromethylornithine (DFMO), only the first of which affects cell differentiation; and for the paradoxical result that while it inhibits this process, DAB has no further effect on cell growth. Results obtained with cells permeabilized by two different methods which respectively do or do not affect internal membranes, and with protoplasts lysed under iso-osmotic conditions, suggest that the plasmalemma from M. rouxii cells is permeable to DAB, but not to DFMO, and that ODC is present in more than one cell compartment. ODC from the distinct cell compartments was differentially accessible to its substrate, and to DAB or DFMO, providing a reasonable explanation for the above results.
Introduction
The importance of polyamines in cell differentiation of Mucor species has been amply demonstrated. Inderlied et a1 (1980) demonstrated that during the yeast-to-mycelium transition of Mucor racemosus there occurred a significant increase in the levels of ornithine decarboxylase (ODC) activity, ODC is a key enzyme in the regulation of polyamine biosynthesis (Tabor & Tabor, 1984 and the only source of putrescine in most fungi (Stevens & Winther, 1979; Tabor & Tabor, 1985) . A similar rise in ODC, as well as an increase in the levels of polyamines occurs during the dimorphic transition and spore germination of Mucor rouxii (CalvoMendez et al., 1987; Martinez-Pacheco et al., 1989) . Yeast monomorphic mutants of Mucor bacilliformis were found to contain ODC levels between 6 and 52 times lower than wild-type cells (Ruiz-Herrera et al., 1983) .
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petitive inhibitor of ODC (Stevens et al., 1977) , inhibited the germination of species from different Mucorales specifically at the step of germ-tube emergence (RuizHerrera & Calvo-Mendez, 1987; Obregon et al., 1990) , and the yeast-to-mycelial transition of M . rouxii (Martinez-Pacheco et al., 1989) . Moreover, the effect of DAB clearly separated growth from differentiation. If added before a critical period DAB stopped cell differentiation but after that period its addition had no effect on the process, and did not inhibit cell growth MartinezPacheco et al., 1989) . These results give rise to a paradox, since polyamines are growth factors and mutants affected in their synthesis are auxotrophic (Winther & Stevens, 1978; Tabor et al., 1982; Tabor & Tabor, 1985) . Three possible alternatives can be envisaged to explain this discrepancy: (1) cells become permeable to DAB only at certain critical periods ; (2) there is more than one pool of ODC and polyamines, one of which is resistant to the drug (the role played by polyamine compartmentation in their accessibility for trophic reactions has been emphasized by Davis et al., 1992) ; (3) there is more than one form of ODC in the cell. This last possibility seems unlikely since in those fungal systems for which cloning has been performed, a single gene has been detected (Fonzi & Sypherd, 1987; Williams et al., 1992) .
In order to gain information on this problem, the present study was undertaken. The results obtained M . Martinez-Pacheco and J. Ruiz-Herrera suggest the presence of ODC in several cell compartments. Sensitivity of the enzyme to the inhibitors depends on its accessibility, explaining the previous observations.
Methods
Strain and growth conditions. M . rouxii IM80 (ATCC 24905) was used in this study. It was maintained on slants of solid YPG medium (Bartnicki- Garcia & Nickerson, 1962) . Large numbers of spores were obtained from Roux bottles containing solid YPG medium. After 4 d growth at 28 "C, spores were harvested with sterile distilled water, washed three times with sterile distilled water by centrifugation, resuspended in sterile distilled water and kept at 4 "C for not more than 5 d. Spores were inoculated into liquid YPG medium at a final density of 5 x lo5 spores ml-' and incubated at 28 "C in a water bath shaken at 120 r.p.m. for variable periods of time.
Cell permeabilization. (a) Toluene/ethanol. Spores inoculated into YPG medium were incubated for 4-6 h until they had produced a germ tube of about 1 -5 2 times the size of the spore. These cells (germlings) were recovered by filtration through Millipore filters (0.45 pm pore diameter), washed with 20 mM-potassium phosphate buffer containing 10mM-EDTA and treated with a 0.1 volume of a mixture of toluene/ethanol (1 :4, v/v) as described by Basabe et al. (1979) .
Germlings were washed seven times with buffer by centrifugation to remove the solvents and finally resuspended in 0.1 M-potassium phosphate buffer pH 7.3 containing 1 mM-EDTA, 2 mwdithiothreitol and 0.2 mw-pyridoxal phosphate (PEDP buffer).
(b) DEAE-dextran. Cells were washed as above and then with 10 mMTris/HCl buffer pH 7.3 containing 0.7 M-sorbitol (TTS). They were then treated with DEAE-dextran as described by Huber-Walchli & Wiemken (1979) . In some experiments, cells permeabilized by this method were later treated with toluene/ethanol as described above. The efficiency of either method was assessed by staining with 10 pg berberine sulphate ml-' for 3 min, followed by microscopic observation under phase contrast and fluorescence. Berberine is a fluorescent probe which does not penetrate into intact cells. At least 300 cells were scored in these experiments.
Preparation of cell-free extracts by ballistic disruption. Cells were harvested as above, resuspended in 20 ml PEDP buffer in a Duran flask, mixed with 20 ml glass beads (0.45 mm diameter) and broken in a Braun MSK cell homogenizer for 1 min while cooling with a stream of CO,. Extracts were centrifuged as indicated in the corresponding experiments.
Preparation of protoplasts and metabolic lysis. Cells were treated with a lytic complex from Streptomyces sp. as described by Ramirez-Leon & Ruiz-Herrera (1972) in 0.1 M-phosphate buffer containing 0.7 Msorbitol. Absence of a cell wall was determined by staining with Calcofluor and by their sensitivity to osmotic shock. Normally, full conversion to protoplasts took place in 6&90 min at 37 "C. Protoplasts were centrifuged at 1000 g in a swinging bucket rotor over a cushion of a solution of 0.6 M-sucrose, 1-5 YO (w/v) Ficoll, and 0-7 M-sorbitol in 10 mM-phosphate buffer pH 6.0. Protoplasts were recovered and filtered through a siliconized glass-wool column which eliminated whole cells and cell debris. Protoplasts were lysed by a method similar to that described by Schwencke et al. (1983) . Protoplasts were treated with 10 pg DEAE-dextran per protoplast for 1 min. The reaction was stopped by addition of 10 pg dextran sulphate per protoplast, and the suspension was centrifuged at 1000 g for 5 min in a swinging bucket rotor. Protoplasts were washed by centrifugation with hypertonic buffer, resuspended in the same buffer and incubated with 5mM-glucose at 30 "C. In 15-30 min 95 YO of the total number of protoplasts had been lysed as assessed by microscopic observation.
Determination of enzymic activities. Ornithine decarboxylase was measured by the liberation of radioactive 14C0, as modified by CalvoMendez et al. (1987) from the method of Sissions (1976) . Activity was expressed as nmol CO, liberated min-'. Specific activity was related to 1 mg protein. Chitin synthetase activity was measured by the filtration method originally described by Ruiz-Herrera & Bartnicki- Garcia (1976) .
Determination of polyamines. Polyamines were measured by the modification described by Calvo-Mendez et al. (1987) to the techniques of Garcia et al. (1980) and Seiler (1983) . Concentration was expressed as nmol putrescine or spermidine (mg cell protein)-'.
Electron microscopy. Cells were fixed with 2 % (v/v) glutaraldehyde in 0.1 M-cacodylate buffer pH 7.0, and postfixed with 2 % (w/v) osmium tetroxide. Samples were dehydrated in a graded acetone series and embedded in Epon-Araldite. Silver interference colour sections were collected on copper grids coated with Formvar and carbon, and post-stained with lead citrate. Sections were examined and photographed with a Jeol 100s transmission electron microscope, operating at 80 kv.
Miscellaneous. Respiration was measured with a Clark oxygen electrode (Silver Spring). Molecular filtration of ODC from a 100000 g supernatant of cell-free extracts was performed on a Bio-Gel PlOO (Bio-Rad) column (1.6 x 39-5 cm), washed and eluted with PEPD buffer. Fractions (1 ml) were collected and A,,, and ODC activity were measured. Protein was measured by the Lowry method after solubilization with 1 M-NaOH. Bovine serum albumin was used as standard. All experiments were performed with duplicate samples and were repeated at least twice.
Results and Discussion
As described previously (Ruiz-Herrera & Calvo-Mendez, 1987), both DAB and DFMO are efficient inhibitors of M . rouxii ODC when tested in vitro. Nevertheless their effect in vivo is completely different; whereas DAB inhibits spore germination at the step of germ tube formation, DFMO has no effect whatsoever on the process. We hypothesized at that time that the cells might be permeable to DAB but not to DFMO. A second possibility would be that the effect of DAB was in fact unrelated to polyamine metabolism. In order to distinguish between these alternatives we measured the effect of both drugs on the levels of polyamines in the fungus. Spores were inoculated into YPG medium in the presence or absence of DAB, DFMO, or a mixture of both inhibitors. At intervals, samples were removed, cells harvested, and the polyamine concentration measured as described in Methods. The results obtained (Fig. 1 ) demonstrated that DAB, but not DFMO, depressed the levels of polyamines. The mixture of the drugs was not synergic, and the same degree of inhibition was observed when either DAB alone or DAB plus DFMO were added to the cultures. These results demonstrate that the DAB effect is indeed specific in blocking polyamine biosynthesis, and that the ineffectiveness of DFMO is probably related to its impermeability at the level of plasmalemma. This latter conclusion received further support when the effect on permeabilized cells was tested (see Table 2 ). One unexpected result was that the levels of both putrescine and spermidine were never completely depressed by the drug. The possibility was entertained therefore that the amount of DAB added to the cells was not enough to block ODC activity completely in vivo, perhaps also owing to permeability problems. This was not so. The same degree of inhibition of the polyamine levels in the cells was brought about when cultures were supplemented with either 0.1 mM, 1 mM or 10 mM-DAB; i.e. a 100-fold increase in the drug concentration was unable to overcome the residual levels of putrescine and spermidine (Fig. 2) . These results may have two likely explanations; there is a form of ODC resistant to DAB, or the enzyme is present in more than one compartment of the cell, one of which is impermeable to the drug. The first of these is unlikely since, confirming previous results (Ruiz-Herrera & Calvo-Mendez, 1988), we found that either 1 mM-DAB or DFMO completely inhibit ODC activity in toluenepermeabilized cells (see Table 2 ).
Further experiments were devised to test the second alternative. We measured ODC activity in situ under conditions which preserved the integrity of cell organelles. DEAE-dextran of a high molecular mass (about 500 kDa) has been used to permeabilize cells and to study the pool size of different metabolites such as inorganic ions or ATP (Huber-Walchli & Wiemken, 1979; Eilam et al., 1985) . The polycation disorganizes the plasmalemma, but its large size prevents its penetration into the cell, and therefore it does not affect internal membranes. When ODC activity of germlings permeabilized with DEAE-dextran (D-cells) was compared to that from cells sequentially permeabilized with DEAEdextran and then with toluene/ethanol (T-cells), lower levels were observed: 57 6 % compared to T-cells in twelve independent experiments (Fig. 3) . The difference was attributed to the existence of more than one pool of the enzyme, one of which was inaccessible to external substrate.
The following are alternative possible explanations:
(1) differences in the yield of permeabilized cells by either method; (2) were ruled out. Firstly, yields of permeabilized cells by either procedure were measured using as a criterion the penetration of the normally non-permeable fluorescent probe, berberine sulphate. In a number of experiments it was demonstrated that more than 95% of the cells permea bilized with DEAE-dex t ran or toluene / e t hanol took in the compound, although the appearance of the cells was different. D-cells showed a dark central body (the vacuole, which is impermeable to berberine) which was absent in T-cells (Fig. 4) . Further experiments to confirm that D-and T-cells were equally permeable to otherwise non-penetrating compounds, made use of the determination of chitin synthetase activity. M . rouxii germlings are impermeable to UDP-GlcNAc and do not incorporate GlcNAc into chitin upon addition of external substrate. On the other hand, cells permeabilized with toluene incorporate GlcNAc from exogenous UDPGlcNAc into chitin, i.e. they are permeable to the substrate (Sentandreu & Ruiz-Herrera, 1978) . It was observed that chitin synthetase activity dependent on external radioactive UDP-GlcNAc displayed by D-and T-cells was the same (not shown).
Electron microscopic observation of D-cells revealed that the membranes of nuclei, mitochondria and the vacuole were preserved, in contrast to T-cells where they practically disappeared (Fig. 5) . Integrity of mitochondria in permeabilized cells was assessed by their respiratory capacity using NADH as external substrate. D-cells, in contrast to T-cells, oxidized externallysupplied NADH (NADH does not penetrate into intact germlings). This respiratory activity was resistant to rotenone. It is known that the mitochondria of Saccharomyces cerevisiae (Van Jagow & Klingenberg, 1970) and Candida albicans (Light & Garland, 1971 ) possess an NADH dehydrogenase oriented towards the cytosol.
The effect of a mixture of toluene/ethanol on ODC activity was measured in crude cell-free extracts prepared with a Braun homogenizer. Toluene was removed by centrifugation over a sucrose cushion. No stimulation or inhibition, nor a change in the distribution of the enzyme compared to control extracts were observed. In each case almost all ODC activity appeared in the supernatant ( Table 1) . The mobility behaviour of ODC in a Bio-Gel PlOO column was also unaffected by toluene treatment. When high-speed supernatants obtained from either extract were filtered through a gel column, a single symmetrical peak of activity was eluted at the same position (not shown). These latter experiments were performed to determine whether activation of the enzyme in situ by toluene was related to its removal from a membrane (see Mustelin et al., 1987) , or else to the liberation of high molecular-mass inhibitors or antienzymes described in other systems (McCann, 1980; Tabor & Tabor, 1984; Canellakis et al., 1985) .
Additional experiments provided evidence that the effect of toluene was not a specific one, but that it merely made accessible a pool of ODC to external substrate. Osmotic shock of D-cells was as effective as toluene/ethanol in increasing the levels of ODC activity. (a) Whole germlings were disrupted in a Braun cell homogenizer and the extract was centrifuged at 105000g for 45 min. Aliquots of supernatant (S4) or resuspended pellet (P4) were treated for 10min with toluene/ethanol, and centrifuged as above over a cushion of 0.6 M-sucrose. ODC activity of supernatant and sediment was measured. (b) Protoplasts were lysed under hypertonic conditions as described in Methods. Extracts were sequentially centrifuged at 500 g (5 rnin), 2300 g (5 rnin), 11 500 g (10 min), and 105000 g (45 min). The resulting pellets (Pl-P4 respectively), and the final supernatant (S4) were recovered. ODC activity of each fraction was measured. Results are averages of two experiments.
Relative ODC activity (YO) Protoplasts were prepared from germlings and metabolically lysed under iso-osmotic conditions as described in Methods. Total breakage was obtained. Extracts were differentially centrifuged at 500 g, 2 300 g, 11 500 g and 105000 g, and ODC activity in each pellet and in the final high speed supernatant was measured. It was observed that almost all ODC activity appeared associated with particulate fractions in contrast to the results obtained in cell-free extracts prepared by ballistic disruption (Table 1) . Taking into consideration that ODC is a relatively low-molecular-mass, soluble enzyme, this and the above results suggest that the enzyme is present in osmotically sensitive membranous organelles. Such organelles are susceptible to breakage during ballistic cell disruption liberating the soluble ODC. By microscopic observation, DNA measurement with diphenylamine and determination of respiratory activity with an oxygen electrode, we concluded that P 1, P2, and P3 (Table 1) were respectively enriched in vacuoles, nuclei and mitochondria; P4 is probably enriched in endoplasmic reticulum (ER).
In other systems, ODC distribution in two cell compartments has been demonstrated. In germinating barley seeds (Panogiotidis et al., 1982) and Physarum polycephalum (Kuehn et al., 1983) ODC activity has been detected in both nuclei and cytosol. A similar distribution was demonstrated by the autoradiographic detection of the complex formed between ODC and radioactive DFMO in rat liver (Bartholeyns, 1983) and mouse kidney (Zagon et al., 1984; Panogiotidis et al., 1982; Sklaviadis et al., 1985) .
The possibility that ODC present in the distinct cell compartments in M . rouxii had a different physiological significance was suggested by the differential effect of DAB and DFMO on the enzymic activity displayed by D-or T-cells. It was observed that either inhibitor produced about 50% inhibition of ODC in D-cells whereas, as expected, they blocked completely ODC activity in T-cells (Table 2) . Use of higher concentrations of either drug up to 10 mM or combinations of both, did not increase the level of ODC inhibition in D-cells. These results confirm those shown in Fig. 1 , and indicate that a proportion of ODC is inaccessible to the drugs. In rat liver, ODC located in cell nuclei is not accessible to DFMO (Bartholeyns, 1983) . According to these results it may be speculated that the enzyme present in the drugresistant compartment(s) is related to cell growth, whereas the sensitive one(s) would be involved in cell differentiation. This hypothesis would explain the paradox that DAB inhibits cell differentiation, but not cell growth. Similar results of differential compartmentation of ODC have been obtained with Yarrowia IQolytica (Guevara-Olvera et al., 1993) . In this sense it is relevant that the behaviour of ODC present in different compartments may vary in some organisms. Thus, whereas rat liver cytoplasmic activity is increased by partial hepatectomy or dexamethasone, nuclear activity is not (Bartholeyns, 1983) . Levels of cytoplasmic and nuclear ODC activities in T. pyriformis change at a different rate during the growth periods (Sklaviadis et al., 1985) . Regarding ODC inaccessible to internal ornithine, it may be within a compartment where its own substrate is synthesized, or else it may be an inactive pool which is transported to a different ornithine-permeable com- Data to illustrate their approximate ratios were taken from Table 2 .
partment at critical periods of growth or development. Fig. 6 shows a hypothetical representation of the data regarding the existence of more than one ODC pool in M . rouxii.
